This study highlights the role of interactions between surface and sub-surface water of the riparian zone of a large river (the Garonne, SW France). Information is given about the role of surface water in supplying Dissolved Organic Carbon (DOC ) to the riparian zone for nitrate removal processes. The densities of bacteria (up to 3.310 6 cell m L -1 ) in groundwater are strongly conditioned by the water moving during flood events. Total bacterial densities in groundwater were related to surface water bacterial densities. In sediment, total bacteria are attached mainly to fine particles (90 % in the fraction < 1 mm). Spatial variations in organic carbon and nitrate content in groundwater at the site studied are correlated with exchanges between the groundwater and the river, from the upstream to the downstream part of the meander. Total bacterial densities, nitrate and decressing organic carbon concentrations follow the same pattern. These results suggest that, in this kind of riparian wetland, nitrate from alluvial groundwater influenced by agricultural practices may be denitrified by bacteria in the presence of organic carbon from river surface water.
Introduction
Floodplains control large exchanges of nutrients and organic matter between aquatic and terrestrial ecosystems (Swanson et al. 1982 , Peterson and Rolfe 1982 , Brinson et al. 1983 . These wetland areas limit the transfer of nutrients from groundwater to river water and play a major role in regulating nitrate of agricultural origin (Peterjohn and Correll, 1984; Pinay and Décamps, 1988; Cooper, 1990; Correll et al., 1992; Sánchez-Pérez et al., 1991a, b; Trémolières, 1996, 1997) .
Several studies have focused on the processes influencing nutrient retention or elimination from riparian systems. In wetland soils receiving large amounts of nitrogen, denitrification appears to be the most important process for the elimination of nitrate (Lowrance et al. 1984; Groffman and Tiedje, 1989; Zak and Grigal 1991, Haycock and Burt 1993; Cooper, 1990; Pinay et al., 1995) . Denitrification capacities vary between 20 and 1600 kg N ha -1 year -1 (Brüsch and Nilsson 1993) . However, uptake by root-absorption or immobilization in soils also removes nitrate from groundwater and soils (Sánchez-Pérez et al. 1991a; Groffman et al. 1992) . The role of vegetation in the protection of groundwater quality was demonstrated by Sánchez-Pérez et al. (1991b) in relation to seasonal changes and stages of vegetation of the alluvial forest succession. The reduction of phosphorus concentrations in groundwater by riparian forests has usually been attributed to root absorption (Sánchez-Pérez et al. 1991a) , chemical precipitation and adsorption processes (Reddy and Rao 1983; Patrick 1990) . Some other studies have documented the effects of factors as well as the interactions which regulate the transfer of nutrients to groundwater, for example geomorphology (Pinay et al. 1995) , catchment hydrology (Cooper 1990 ) and vegetation type (Takatert et al., 1999; Sánchez-Pérez and Trémolières, in press) .
For large alluvial rivers, the origin of the organic matter that fuels the denitrification process is vegetation (Pinay and Décamps, 1988) . Organic matter reaches porous aquifers by vertical fluctuations of groundwater level. For large alluvial rivers with a relatively permeable porous aquifer, horizontal fluxes are high even at low water periods when vertical fluctuations are low. For this situation, organic matter must originate from sources other than riparian leaf litter. The goal of this paper is to show the role of surfacesubsurface water interactions on denitrification processes within the riparian zone of a large alluvial river.
Study site
The site studied which represents a surface area of 50 ha, is a riparian zone of 14 km 2 located within a meander of the Garonne river close to Monbequi village, 50 km north of Toulouse city in France (Fig. 1) .
Because the focus is on the active hydrological zone due to the influence of the river hydrological conditions, the site is in a meander in the first 250 metres of the wetland.
The flow of the river is very variable (for a basin of 9 980 km 2 ) at Toulouse: the highest discharge was 7000 m at Toulouse. Maximal discharges of the river occur twice a year, during the spring as a result of snowmelt in the Pyrenees and again in late autumn following rainfall. The low water period generally lasts from August until October. Mean annual precipitation in the region is 660 mm and most precipitation occurs from April to October. Agriculture is the dominant land use is this part of the catchment.
Downstream of Toulouse, the Garonne river flows over coarse alluvium (sand and gravel) eroded from the Pyrenees Mountains during the past glacial periods and deposited in the floodplain. This coarse sediment is generally only 6 m thick, and rests on impermeable and indurate marl.
Throughout the floodplain, the groundwater flow is driven by (a) a longitudinal component governed by the slope of the valley (1:1000), and (b) a transverse compartment determined by groundwater levels in floodplain terraces and changes in the water level of the Garonne river. The relations between groundwater and the river are controlled by the geomorphology of the site. Almost all of the floodplain is farmed. Fertilisation and irrigation sustain high production of corn, sunflower, sorghum, and fruit, but also generate high nitrogen inputs to groundwater. Hence, nitrate concentrations exceed 50 mg.NO 3 -L -1 in most aquifers. The common riparian vegetation along this reach of the Garonne river is dominated by oak, ash and poplar plantations.
Material and methods
The site was equipped in 1994 with 20 piezometers located near the Garonne bank. The piezometer system was completed in 1999 by a further 27 piezometers. At the same time, 32 soundings showed that the total thickness of alluvium is spatially very heterogeneous. The alluvium ranges from between 2.5 to 7.5 m thick, with an arithmetic mean of 5.7 m. The piezometers were installed using a truckmounted pneumatic hammer. They were screened over their entire length and penetrated to the underlying marl.
Groundwater level was measured at each water sampling. In eight piezometers, groundwater levels were recorded continuously using an Orphimedes system (OTT). In the Garonne river, the Verdun gauging station is located 3 km upstream of the study site.
WATER SAMPLING AND CHEMICAL ANALYSIS
Samples were collected from each piezometer at the top of the water level after pumping. At the same time, one surface water sample was taken.
Groundwater Dissolved oxygen, temperature, pH, redox potential and electrical conductivity were measured using a specific probe (WTW Multiline P4). Redox potential measurements were made using platinum electrodes against Ag/AgCl-reference electrodes. Redox potentials were corrected for the Ag/ AgCl-reference electrodes by adding 217 mV for the field (for an average temperature of 10° C) as indicated by the manufacturer (Ingold GmbH, Frankfurt). The Eh measurements for pH were not corrected as suggested by Patrick et al. (1996) . Water samples were collected in glass bottles and filtered through glass fibre filters (Whatman GFF) for nitrate measurement. Nitrate (NO 3 --N) and chloride (Cl -) were analysed by ion chromatography using a DIONEX system. Water samples collected for dissolved organic carbon (DOC) were filtered using precombusted GFF filters (450°C for 4 h) and analysed using a platinum catalyser at 650°C (Shimadzu, Model TOC 5000).
Oxygen-isotope composition was measured by isotope ratio mass spectrometry after CO 2 -H 2 O equilibration using the Epstein and Mayeda technique (1953) . Results were expressed relative to a standard (V-SMOW, Gonfiantini, 1978) using delta notation (δ) where δ O ratios for the sample and V-SMOW, respectively. As the difference between samples and standard is small, the "δ-value" is usually expressed in parts per 1000.
ENUMERATION OF BACTERIA
Within 4 h of sample collection in a sterile vial, samples were sonicated (10 minutes with an ultrasonic cleaner ELMA model Transonic 460-35kHz) and aliquoted for total bacterial counts (storage of preserved sample with formalin at 4% final concentration) or for numeration of NH 4 + -oxidising bacteria by the most probable number (MPN) method.
Total counts: counts were performed according to Porter and Feig (1980) using DAPI (4',6-diamidino-2-phenylindole) with a protocol described by Garabétian et al. (1999) .
NH4+-oxidizing bacteria: inoculation and serial tenfold dilutions (50 µL per well) of 96 well microplates filled with 450 µL of NH 4 + oxidiser enrichment medium (Schmidt and Belser, 1994) were conducted for each sample allowing eight replicates, until a 10 10 final dilution. Incubations were performed at 28°C, in the dark, for more than eight weeks. Positive wells were assessed by nitrite concentration using Griess reagent ; according to the statistical method of McGrady (1915) , the MPN of nitrifying bacteria per mL of sample was determined from computed scores according to Clarke and Owens (1983) .
DENITRIFICATION MEASUREMENT
Denitrification rates in groundwater were measured in situ with a packer system using the acetylene block method : bromide was used as a tracer of dilution and acetylene (10%) was used to block the 
CARTOGRAPHY
To examine the evolution of the nitrogen transformations, the simple mixing of the river and aquifer waters was established using conservative elements: δ
18
O and Cl -. The mixing ratios of river and groundwater in each piezometer were calculated using Cl -concentrations in a 2-end-member mixing model. The untransformed concentration transported in the groundwater was then calculated using this mixing model (δ 18 O and Cl -were correlated, indicating the value of a two-component mixing model). The difference between expected and measured concentrations must result from biological (for non-conservative concentrations) processes. Geochemical maps of the distribution of the differences between expected and measured concentrations were made for each concentration of nitrate, dissolved organic carbon and oxygen using kriging methods of extrapolation (Surfer software).
HYDROGEOLOGICAL MODELLING
A finite element groundwater flow model is used to identify the water fluxes in the groundwater and in the rivers. The hydrogeological modelling of the water fluxes of the area was performed with the MARTHE software package developed by BRGM (Thiery, 1990 (Thiery, , 1993 . MARTHE is a finite-difference hydrodynamic package that processes three-dimensional flow in both saturated and unsaturated environments.
Groundwater modelling is made for a surface of 12 km . The zoning thus obtained reflects the geomorphological units observed in the field. Efficient-porosity values assigned to the meshes vary from 5 to 15% and were distributed according to previously identified hydraulic-conductivity units and on pumping tests when available.
The groundwater fluxes in the meander were represented in the Fig. 2c . Detailed results of the groundwater modelling are presented in Weng et al. (in press ).
STATISTICAL METHODS
Analysis of Variance (ANOVA) was chosen to test for differences between the different hydrological conditions. Differences were considered significant at p < 0.05. Statistical calculations were made using the MINITAB computer package (Minitab Inc., USA).
Results

PHYSICO-CHEMICAL DATA
These data are presented in Table 1 
SPATIAL PATTERNS OF NITRATE AND DOC
The biogeochemical functioning of the wetland is linked closely to the hydrological conditions. The hydrogeological model of Weng et al. (in press) was used to determine groundwater circulation and the water exchanges between the river and the groundwater in different hydrological conditions. The formation of bypasses between the upstream and downstream parts of meanders (Fig. 2) shows that meanders favour exchanges between the river and the alluvial aquifer.
Under stationary hydrological conditions, the water in the wetland circulates in the same direction as the river and groundwater. During a flood, the water flux from the river exceeds that from the groundwater. Figure 4 represents the percentage of the Garonne river water in each piezometer calculated by this mixing model; the distribution of surface water in groundwater was controlled by the geomorphology of the meander. The percentage of river water in groundwater, nearly 100 % at the entrance of the meander, decreases in the direction of groundwater flow to 0 %. Figure 5 represents the variation rate of nitrate and DOC in the site after deduction of the river dilution rate. These variations are probably due to biological processes. Production of nitrate corresponds to dark zones and loss of nitrate corresponds to the white zone.
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BACTERIAL DENSITIES IN GROUNDWATER
The bacterial densities in groundwater were conditioned strongly by the hydrological functioning of the zone (Table  2) (Table 4) . 
Discussion
This study has highlighted the role of surface water in the denitrification processes within the riparian zone. By comparing the infiltration of surface water to the aquifer (Fig. 2c ) and the maps of nitrate and DOC variations (Fig.  5) , it is clear that nitrate concentrations decrease strongly at the riparian sites where the percentage of river-derived water within the porous aquifer is high and where DOC concentrations fluctuate strongly. This phenomenon shows the difference between 'true' groundwater (the groundwater located far from the surface water) strongly influenced by agriculture and riparian groundwater that is characterised by high surface water inputs. It is hypothesised that the riparian water is enriched in nitrate by groundwater coming from the agricultural zone. Riparian water has access to organic matter in surface water; DOC concentrations are in the same range in riparian and surface waters whereas organic carbon levels are very low in 'true' groundwater. That DOC originates in surface water is indicated in the temporal variation in the density of nitrifying bacteria (Table 2) ; these were low in the riparian water compared to surface water during the low water period. Therefore, the increase in nitrifying bacterial numbers within the riparian porous aquifer may be explained by the entrance of surface water. Comparing the total bacteria in fine sediment layers without floods with those measured during a flood in three representative piezometers, shows that temporal variations within a given piezometer are much lower than differences between piezometers. Conversely, the total number of bacteria in interstitial water is not much affected by the hydrological conditions (during a flood the concentration can increase by an order of magnitude).
Surface water enriches the riparian porous aquifer with organic matter and bacterial cells (Table 2) . Denitrification occurs even though there are nitrifying bacteria, probably because of the widespread presence of biofilms within the porous aquifer. Denitrification can occur within biofilms in oxygenated water (Teissier et al., 2002) . These biofilms can be enriched in bacteria cells by surface water inputs (Table 2 ). In consequence of these additional processes, the riparian zone is a very active zone for nitrate removal from groundwater before it enters the surface water. A previous study at the same site measured the denitrification rate in three compartments (Gravel, Riparian and Poplar) under high and low water hydrological conditions. The denitrification rate increased by a factor of five during high water in the riparian and poplar zone. This result confirms the importance of hydrological conditions on the densities of bacteria responsible for nitrate removal. The hydrology is the most important factor influencing the processes responsible for the removal of the nitrate resulting from agricultural practices.
The results agree with the conceptual model developed by Dahm et al. (1998) ; for this interface or ecotone zone (the riparian zone), this forecasts traits caused by interactions between the characteristics of surface and groundwater.
Concerning the management of large alluvial floodplains, this study confirms the need for ensuring hydraulic connectivity between surface water and adjacent ecosystems (groundwater, riparian zone, poplar plantations) (Haycock and Pinay, 1993) . In large alluvial floodplains with porous aquifers of relatively high permeability, nitrogen fluxes from the floodplain are transported within the saturated zone. Therefore, it is important to maintain continuity between the primary production zone (surface water) and groundwater to allow organic matter to fuel the denitrification processes.
